Lipoxygenases (LOXs) form a heterogeneous family of lipid peroxidizing enzymes that catalyse dioxygenation of free and ⁄ or esterified polyunsaturated fatty acids to their corresponding hydroperoxy derivatives [1] . In mammals, LOXs are categorized with respect to their positional specificity of arachidonic acid oxygenation into , but plant physiologists prefer a linoleic acid related enzyme nomenclature [3] . Mammalian LOXs (EC 1.13.11.33) are involved in the biosynthesis of inflammatory mediators, such as leukotrienes [4] and lipoxins [5] , but have also been implicated in cell differentiation [6, 7] , carcinoma metastasis [8] , atherogenesis [9,10] and osteoporosis [11] . 5-LOX inhibitors and leukotriene receptor antagonists have been developed as antiasthmatic drugs and some of them are available for prescription use [12, 13] .
Lipoxygenases (LOXs) form a heterogeneous family of lipid peroxidizing enzymes that catalyse dioxygenation of free and ⁄ or esterified polyunsaturated fatty acids to their corresponding hydroperoxy derivatives [1] . In mammals, LOXs are categorized with respect to their positional specificity of arachidonic acid oxygenation into 5-, 8-, 12-and 15-LOXs [2] , but plant physiologists prefer a linoleic acid related enzyme nomenclature [3] . Mammalian LOXs (EC 1.13.11.33) are involved in the biosynthesis of inflammatory mediators, such as leukotrienes [4] and lipoxins [5] , but have also been implicated in cell differentiation [6, 7] , carcinoma metastasis [8] , atherogenesis [9, 10] and osteoporosis [11] . 5-LOX inhibitors and leukotriene receptor antagonists have been developed as antiasthmatic drugs and some of them are available for prescription use [12, 13] .
Mechanistically, the LOX reaction consists of four consecutive steps (Scheme 1): (a) stereo-selective hydrogen abstraction from a bisallylic methylene forming a carbon-centred fatty acid radical; (b) rearrangement of the fatty acid radical, which is bound at the active site as planar pentadienylic intermediate or, more likely, as nonplanar allylic radical [14] ; (c) stereo-specific insertion of molecular dioxygen forming an oxygen-centred hydroperoxy radical; (d) reduction of the hydroperoxy fatty acid radical to the corresponding product anion. Although the LOX-reaction involves the formation of radical intermediates it may not be considered an effective source of free radicals as most of the intermediates remain enzyme bound. However, under certain conditions a considerable proportion of radical intermediates may escape the active site [15, 16] leaving the enzyme in an inactive ferrous (E 2+ ) form. Thus to keep the reaction at a quasi-stationary level it requires the presence of activating hydroperoxides that are naturally formed as reaction products during the reaction but Studying the oxygenation kinetics of (19R ⁄ S,5Z,8Z,11Z,14Z)-19-hydroxyeicosa-5,8,11,14-tetraenoic acid (19-OH-AA) by rabbit 15-lipoxygenase-1 we observed a pronounced oxygen dependence of the reaction rate, which was not apparent with arachidonic acid as substrate. Moreover, we found that peroxide-dependent activation of the lipoxygenase depended strongly on the oxygen concentration. These data can be described with a kinetic model that extends previous schemes of the lipoxygenase reaction in three essential aspects: (a) the product of 19-OH-AA oxygenation is a less effective lipoxygenase activator than (13S,9Z,11E)-13-hydroperoxyoctadeca-9,11-dienoic acid; (b) molecular dioxygen serves not only as a lipoxygenase substrate, but also impacts peroxide-dependent enzyme activation; (c) there is a leakage of radical intermediates from the catalytic cycle, which leads to the formation of inactive ferrous lipoxygenase. This enzyme inactivation can be reversed by another round of peroxide-dependent activation. Taken together our data indicate that both peroxide activation and the oxygen affinity of lipoxygenases depend strongly on the chemistry of the lipid substrate. These findings are of biological relevance as variations of the reaction conditions may turn the lipoxygenase reaction into an efficient source of free radicals.
which on top can be added to the reaction mixture. (9Z,11E, 13S)-13-hydroperoxyoctadeca-9,11-dienoic acid (13-HpODE) is such a hydroperoxy fatty acid typically used as exogenous enzyme activator to prevent long and hardly controllable lag phases of the reaction.
The affinity of LOXs for oxygen during fatty acid oxygenation is high. K M -values for oxygen ranging between 10 and 26 lm have been reported for various LOX isoforms [17] . A rapid diffusion controlled mechanism of oxygen penetration into the active site of the enzyme is generally assumed. However, when we investigated the oxygenation of hydroxylated arachidonic acid isomers (OH-AA) by the rabbit 15-LOX we observed the reaction rate to be strongly oxygen dependent. Moreover, we found that at low oxygen concentrations, high concentrations of hydroperoxy fatty acids were required for maximal activation of the enzyme. In contrast, at greater oxygen concentrations lower hydroperoxide concentrations were sufficient. These findings are not compatible with the conventional model of the LOX reaction, which was based on the assumption that the oxygen concentration does not impact peroxide-dependent enzyme activation [18, 19] .
To investigate this phenomenon in more detail we studied the kinetics of 15-LOX-catalysed oxygenation of (19R ⁄ S,5Z,8Z,11Z,14Z)-19-hydroxyeicosa-5,8,11,14-tetraenoic acid (19-OH-AA) (Fig. 1) , varying the initial concentrations of enzyme, fatty acid substrate, oxygen and peroxide activator. The experimental data were fitted to an extended kinetic scheme of the LOX reaction, which allowed oxygen to impact peroxidedependent enzyme activation. This kinetic model predicts a biphasic oxygen dependence of the reaction rate with a high and a low-affinity part.
Results and Discussion

15-LOX catalysed oxygenation of hydroxylated polyenoic fatty acids
Previous experiments with x-hydroxylated polyenoic fatty acids indicated ineffective oxygenation of these substrates by the rabbit 15-LOX and basic kinetic characterization revealed a high apparent K M and a low reaction rate [20] . Here we investigated the oxygenation kinetics of 19-OH-AA in more detail and found that the initial oxygenation rates were strongly augmented at hyperbaric oxygen tensions (Table 1) . In contrast, the oxygenation rates of nonhydroxylated polyenoic fatty acids (linoleic acid or arachidonic acid) were hardly impacted. Interestingly, such striking oxygen dependence was not observed when the methyl esters of the hydroxy fatty acids were used as substrate ( Table 1) . Analysis of the reaction products (see supplementary material) indicated predominant n-6-lipoxygenation of both polyenoic fatty acids and their hydroxy derivatives. However, hydroxy fatty acid methyl esters were oxygenated at C-5 of the hydrocarbon backbone (Table 1) . Taken together, the experimental data suggest that presence of a hydroxy group alters the oxygen dependence of the reaction. In fact, when hydroxy fatty acids were oxygenated under normoxic conditions the oxygen concentration was rate limiting, but this was not the case for the nonhydroxylated substrates. Interestingly, this rate limitation could not be overcome even at very high oxygen concentration (> 800 lm) suggesting a nonsaturable component of oxygen supply.
Spectrophotometric progress curves of conjugated diene formation
We carried out spectrophotometric measurements of 15-LOX-catalysed oxygenation of 19-OH-AA varying the initial concentrations of fatty acid substrate, oxygen, enzyme and 13S-HpODE used as enzyme activator. In these experiments enzyme concentrations were Scheme 1. Radical mechanism of the LOX reaction. The four elementary reaction of the catalytic (hydrogen abstraction, radical rearrangement, oxygen insertion and radical reduction) are shown. kept sufficiently low so as to prevent notable decreases in substrate concentration (oxygen and 19-OH-AA) during the entire measuring period. From Fig. 2A -D it can be seen that irrespective of the starting conditions all progress curves were of similar shape and nonlineartime-courses of product formation were always observed. The results of kinetic modelling match the experimental data as indicated by the satisfying overlay of the experimental progress curves (dotted lines) with the curves obtained by kinetic modelling (solid lines). A more quantitative measure for the high quality of fitting constitutes the B-value (see Material and methods), which is significantly higher than 0.5 for all progress curves. When the oxygenation rates measured at different oxygen concentrations ( Fig. 2A) were plotted against the reaction time, a monotone decline of the rates was observed reaching steady-state kinetics after % 100 s (Fig. 3) . This time-dependent decline can be described by an exponential function containing as adjustable parameters the transition time T 0.5 (time at which the half-maximal rate was reached), the initial reaction rate v ini and the steady-state rate v ss . It should be noted, however, that additional experiments showed that the gradual decrease in the reaction rate was not due to suicidal enzyme inactivation (data not shown).
Initial rate kinetics of 15-LOX-catalysed 19-OH-AA oxygenation
To gain further insight into the kinetic peculiarities of 19-OH-AA oxygenation, the dependence of initial rates on substrate concentration was analysed. From Fig. 4A it can be seen that the dependence of the oxygenation rate on the concentration of 19-OH-AA can be described by the Michaelis-Menten equation yielding an apparent K M of 90.0 lm (normoxic conditions). The corresponding value for arachidonic acid oxygenation under strictly comparable conditions was 10.3 lm (data not shown). These data are consistent with previous results on the oxygenation of hydroxylated fatty acid derivatives [20, 21] . This significant difference in the K M values is possibly due to the fact that introduction of a hydrophilic residue close to the methyl terminus of the fatty acid impairs substrate binding. It has been suggested before that burying a polar group in the hydrophobic environment of the substrate binding-pocket may be energetically hindered [20, 22] . In Fig. 4B the dependence of the initial rates of 19-OH-AA oxygenation on the oxygen concentration is shown. It can be seen that even at oxygen concentrations as high as 800 lm, saturation conditions were not attained, a finding observed at two different concentrations of exogenous enzyme activator (13S-HpODE). These data are inconsistent with previous initial rate measurements of arachidonic acid oxygenation indicating oxygen K M -values for various LOX-isoforms ranging between 10 and 20 lm [17] . Interestingly, the oxygen affinity of the enzyme ⁄ substrate complex was augmented at higher 13S-HpODE concentrations (Fig. 4B) . These data suggest that the exogenous peroxide activator appears to impact the oxygen dependence of 19-OH-AA oxygenation. Vice versa, oxygen influenced the effectiveness of peroxide-dependent enzyme activation (Fig. 4C) .
Consumption of 13S-HpODE during the time course of 19-OH-AA oxygenation
Since all progress curves had been monitored after preincubation of the enzyme with 13S-HpODE it was assumed that decomposition of the enzyme activator (13S-HpODE) might contribute to the time-dependent decay in reaction rates (Fig. 2 ) To test this hypothesis we incubated the 15-LOX under normoxic conditions Table 1 . Relative reaction rates of 15-LOX catalysed oxygenation of polyenic fatty acid derivatives. The oxygenation rates of the different fatty acid derivatives were determined spectrophotometrically as described in Experimental procedures. The substrate concentration was at least fivefold greater than the apparent K m value estimated under normoxic conditions. The absolute rates measured under normoxic condition for each substrate were set 100%. Hyperoxic conditions indicate that the reactions were carried out in oxygen flushed reaction buffer. In a separate experiment (oxygraphic assay) we determined an oxygen concentration of % 0.95 mM under these conditions. The structures of the oxygenation products were determined by RP-HPLC, SP-HPLC, chiral phase-HPLC, UV-spectroscopy and GC ⁄ MS. 
Conversion of 13S-HpODE to 13-keto-(9Z,11E)-octadecadienoic acid (13-KODE) during the time course of 19-OH-AA oxygenation
It has been reported previously that 13S-HpODE activates LOXs by converting the catalytically silent ferrous enzyme into an active ferric form [23] . This activation reaction is accompanied by conversion of 13S-HpODE. For the soybean LOX-1 it has been shown that ketodienes and superoxide (O 2 Á-) are formed during LOX)13S-HpODE interaction [24] . To test whether a similar reaction may proceed during rabbit 15-LOX-catalysed oxygenation of 19-OH-AA we monitored the absorbance at 275 nm during the time course of the reaction. From Fig. 6Aa it can be seen that there was a linear increase in absorbance at 275 nm and subsequent HPLC analysis indicated the formation of 13-KODE (Fig. 6B ). In contrast, no conjugated ketodienes were formed when 19-OH-AA was omitted (Fig. 6Ab) . 
Mechanistic considerations, kinetic modelling and general conclusions
Previous kinetic models of the LOX reaction did not consider oxygen dependence of enzyme activation [16, 18, 25] . To explain the mechanistic basis for the low oxygen affinity we tested various hypotheses: (a) as peroxide activation of the enzyme involves oxidation of the ferrous LOX to a ferric form we first considered the possibility of direct electron transfer from the ferrous nonheme iron to molecular dioxygen forming superoxide. However, such direct interaction is rather unlikely as there is no experimental evidence for oxygen binding at the ferrous nonheme iron [26] ; (b) another potential explanation accounting for the observed synergistic effect of 13S-HpODE and oxygen during enzyme activation was to assume obstruction of oxygen penetration into the active site, which might be due to the presence of the polar hydroxyl group at C 19 . Kinetic modelling of this scenario showed, however, that the enzyme ⁄ radical intermediate formed after hydrogen abstraction would accumulate leading to an enhanced inactivation of the enzyme and thus to a decrease of the initial rate with increasing concentrations of fatty acid substrate. Such a dependence is inconsistent with the observed increase in the initial rate with increasing substrate concentration (Fig. 4A) . Rejection of these direct explanations suggested an indirect effect of oxygen on LOX activation. It has been reported previously that molecular dioxygen is able to react with alkoxy radicals, which are formed during the reaction of the ferrous LOX with an activating hydroperoxy fatty acid [24] . Accordingly, we extended our previous kinetic model by three additional elementary reactions (Scheme 2): (a) Activation of the catalytically silent ferrous LOX is oxygen-dependent and involves the formation of ketodienes and superoxide. The initial step of peroxide dependent LOX activation [23, 24] is a homolytic cleavage of the peroxy bond, which is paralleled by an electron transfer from the ferrous LOX to the hydroxy radical leaving an alkoxy radical and OH -. This alkoxy radical may then reduce dioxygen to form superoxide and a stable keto-dienoic fatty acid. Alternatively, the alkoxy radical may stabilize via b-scission (Fig. 2A) . The bold lines indicate the plot of the model function:
where v ini and v ss denote the initial rate and the steady-state rate, respectively. T 0.5 gives the half-time required for the time-dependent transition from the initial rate to the steady-state rate. of the hydrocarbon chain, via epoxidation or dimerization [24] . (b) Escape of the catalytically inactive ferrous LOX from the catalytic cycle. When the catalytically active ferric LOX catalyses hydrogen abstraction a LOX ⁄ fatty acid radical complex (E 2+ -S Á ) is formed.
Insertion of molecular dioxygen subsequently yields a LOX ⁄ fatty acid hydroperoxy radical complex (E 2+ -SOO Á ). Both catalytic intermediates contain the enzyme in its catalytically silent ferrous form. When these complexes decay inactive enzyme escape the catalytic cycle and thus, requires additional activation to re-enter again. Leakage of the ferrous enzyme from the oxygenation cycle is paralleled by release of radical intermediates (either S Á or SOO Á ). Nonenzymatic reaction of S Á with molecular dioxygen should be indicated by a portion of stereo-random oxygenation products. However, we never observed a significant formation of stereo-random oxygenation products despite specifically looking for it. Leakage of SOO Á from the catalytic cycle may not alter the stereospecific product pattern and thus, in the light of our inability to detect stereo-random oxygenation products, decay of the E 2+ -SOO Á -complex was more likely. (c) Radical recombination at the active site. The superoxide anion (O 2 -) formed during the activation reaction may recombine with the E 2+ -S Á -complex. Thus, our amended kinetic model does also consider the possibility of a direct interaction of superoxide with the LOX ⁄ fatty acid radical complex.
Derivation of the kinetic equations governing the reaction scheme is described in Experimental procedures. Numerical values for the rate constants and binding parameters were obtained by fitting the kinetic model to the experimental data. The calculated parameter values are summarized in Table 2 . Taken together one may conclude that our kinetic model provides a satisfying quantitative description of our experimental data. It has to be admitted, however, that the model provides a poor fit to the initial-rate data in cases where either concentration of oxygen is very high and concentration of HpODE is low (lower curve in Fig. 4B ) or vice versa (lower curve in Fig. 4C) . We have to conclude that the true kinetics of the interaction of these metabolites with the enzyme and their interplay in the activation process is not fully covered by our model. It is thinkable, for example, that HpODE at sufficiently high concentrations is capable of reacting with both the ferric and ferryl iron as shown for its reaction with myoglobin [27] .
Several mechanistic conclusions, which can be deduced from the model, are highlighted below.
(a) Consistent with our experimental results the model predicts a biphasic dependence of the reaction rate on oxygen concentration (high and a low affinity component of oxygen uptake). The nonsaturable lowaffinity component may be attributed to oxygen consumption associated with re-activation of the catalytically silent ferrous LOX that is permanently formed predominantly via decay of the enzyme ⁄ peroxy radical complex (E (slope of the curve at high oxygen concentration; see Fig. 7 ) did almost disappear. In fact, under such condition the oxygen dependence is reduced to a hyperbolic curve with a Michaelis constant in the range between 5 and 10 lm. Such curves are typical for naturally occurring polyenoic fatty acids (arachidonic acid, linoleic acid). Remarkably, the simulated curves in Fig. 7 ) reacting either with the reaction product of 19-OH-AA oxygenation (19-OH,15-OOH-AA; SOOH in Scheme 2, binding constant K PM ) or with an exogenous activator (13S-HpODE, AOOH in Scheme 2, binding constant K AM ). ROOH symbolizes either SOOH (substrate hydroperoxide) or AOOH (exogenous activator hydroperoxide). Overall, the activation process involves homolytic cleavage of the peroxy bond of the activating hydroperoxide (ROOH, which can be SOOH or AOOH) and reduction of molecular dioxygen forming superoxide [24] . The alkoxy radical (RO Á ) may react with dioxygen to form a keto dienoic fatty acid (k r ) and superoxide. Alternatively, RO Á may stabilize via the formation of b-scission or epoxidation products (k* r ). The oxygenation cycle (highlighted in grey) starts with substrate binding at the active site of the ferric enzyme (K SM ) followed by hydrogen abstraction from a bisallylic methylene (k h ). With naturally occurring fatty acid as substrates hydrogen abstraction is rate limiting and releases a proton. The corresponding electron is transferred to the ferric nonheme iron reducing it back to a ferrous form. The resulting enzyme ⁄ substrate radical complex (E ) and the substrate radical (S Á ), which may subsequently undergo conversion to stereo-random oxygenation products (SOOH Á ). Alternatively, enzyme-bound S Á may be retained at the active site and may recombine with superoxide (k* PS ) to form stereospecific hydroperoxy product (SOOH). The ferrous enzyme ⁄ substrate peroxy radical complex (E 2+ -SOO Á ) is stabilized during the catalytic cycle via intracomplex electron transfer, which reduces the substrate peroxy radical to the corresponding anion and oxidizes the enzyme back to the catalytically active ferric form (E 3+ ). Alternatively, the E 2+ -SOO Á may decay (k* PO ) releasing a peroxyl radical (SOO Á ). Binding of the fatty acid substrate (SH) to the active (ferric) enzyme (catalytic cycle) and of the hydroperoxy compounds (either AOOH or SOOH) to the inactive (ferrous) enzyme (activation reaction) is described as rapid equilibrium characterized by the Michaelis constants K SM and K PM ⁄ K AM , respectively.
three. Thus, according to our modelling the enzyme is less effectively activated by 15-OOH-19-OH-AA (endogenous activator) when compared with 13S-HpODE (exogenous activator). These inferences from the model are consistent with the experimental findings shown in Fig. 5B .
(d) Under normoxic conditions the value for the apparent first-order rate constant of the oxygendependent conversion of the alcoxyl radical into ketodienes amounts to k r · 280 lm ¼ 0.67 s 1 . This value is much larger than that of the rate constant k Ã r ¼ 0.032 s )1 for oxygen-independent conversion of the alkoxy radical. Thus, oxygen independent rearrangement of the alkoxy radical appears to be negligible for 19-OH-AA oxygenation. Taken together, the proposed kinetic model (Scheme 2) provides a satisfactory quantitative description of all experimental data obtained in this study. The major mechanistic consequence of our model is that oxygen exhibits a dual role during the lipoxygenase reactions. It serves as a substrate but also constitutes an enzyme activator. The latter function has never been described before because it can hardly be detected with naturally occurring polyenoic fatty acids. The biological importance of LOXs is commonly discussed in relation to the synthesis of bioactive mediators involved in inflammation, metastasis or osteoporosis [4, 8, 11] . Additionally, these enzymes have been implicated in structural alterations of complex lipid-protein assemblies, such as biomembranes and lipoproteins, impacting on cell maturation and atherogenesis [6, 7, 9, 10] . Here we report that, under certain conditions, the LOX reaction may serve as a source of free radicals (O 2 -Á , S Á , or SOO Á ) and that release of these reaction intermediates may increase the multiplicity of LOX-induced secondary reactions. Under normal conditions (normoxia, free fatty acids as substrate) the LOX reaction may not be considered an effective radical source a all radical intermediates remain enzyme bound. However, with more complex substrates, under hypoxic conditions and after pH variations, free radicals may escape the catalytic cycle and then induce secondary co-oxidations [15, 16] . Such co-oxidation reactions have actually been implicated in oxidative metabolism of xenobiotics, including drugs [29] .
Experimental procedures
Chemicals
The chemicals used were from the following commercial sources: (5Z,8Z,11Z,14Z)-eicosa-5,8,11,14-tetraenoic acid (arachidonic acid), (9Z,12Z)-octadeca-9,12-dienoic acid (linoleic acid) and sodium borohydride from Serva (Heidelberg, Germany); N-nitroso-N-methylurea and bis(trimethylsilyl)trifluoroacetamide (BSTFA) from Sigma (Deisenhofen, Germany), sodium dithionite, NADH and 10% Pd ⁄ CaCO 3 (catalyst for hydrogenation) from Aldrich (Taufkirchen, Germany); HPLC solvents from Merck (Darmstadt, Germany).
(19R ⁄ S,5Z,8Z,11Z,14Z)-19-hydroxyeicosa-5,8, 2.8 s
Reaction of the alkoxy radical RO Á (AO Á or SO Á )
Oxygen independent conversion of the alkoxy radical RO Á 0.032 s 11,14-tetraenoic acid (19-OH-AA) was synthesized for this study in a similar way as described in [30] . The chemical structures of arachidonic acid and 19-OH arachidonic acid are shown in Fig. 1 .
Enzyme preparation
The rabbit 15-LOX [31] was prepared from a stroma-free supernatant of a reticulocyte-rich blood cell suspension by sequential fractionated ammonium sulfate precipitation, hydrophobic interaction chromatography (Phenyl-5-PU column, Biorad, Munich, Germany) and anion exchange chromatography (Resource Q column, Amersham Bioscience, Freiburg, Germany). The final enzyme preparation was > 95% pure (see supplement) and its molecular turnover rate of linoleic acid was 25 s
. The enzyme exhibited a dual positional specificity with arachidonic acid (12-HpETE ⁄ 15-HpETE ratio of 1 : 9) and converted linoleic acid exclusively to 13S-HpETE.
Kinetic assays
The LOX reaction was followed either spectrophotometrically by measuring the increase in absorbance at 234 nm, or oxygraphically using a Clark-type oxygen electrode. For photometric measurements a Shimadzu UV2100 spectrophotometer was used. The reaction mixture was 0.1 m potassium phosphate buffer pH 7.4, containing variable concentrations of substrate fatty acids and ⁄ or oxygen (total assay volume 1 mL). The enzyme was preincubated in the assay buffer for % 10 s and then the reaction was started by addition of a small aliquot (5-10 lL) of a substrate solution. To avoid kinetic lag periods and extensive suicidal inactivation the assay sample was supplemented with 1 lm 13S-HpODE and the reaction was carried out at 20°C. Various oxygen concentrations were adjusted by mixing aliquots of oxygen-free reaction buffer (repeated evacuation and flushing with argon gas) with oxygen saturated reaction mixtures. For the oxygraphic measurements a Strathkelvin oxygen meter 781 (Strathkelvin Instruments, Glasgow, UK) was used. Sample composition was the same as for the spectrophotometric measurements but the reaction volume was reduced to 0.4 mL. The oxygraphic scale was calibrated by repeated injection of known amounts of NADH to a mixture of submitochondrial particles. -SOO Á -complex, which leads to release of the peroxy radical (SOO Á ), constitutes the major reason for reversible enzyme inactivation. Initial rates were computed on the basis of the kinetic model using the numerical values of the parameters listed in Table 2 . 
Kinetic modelling
For the derivation of the rate equations it was assumed that for the concentrations of the reactants used in the experiments, binding of the fatty acid substrate to the ferrous enzyme and binding of the hydroperoxy fatty acids (reaction product or exogenous activator) to the ferric enzyme could be neglected. Treating the binding of fatty acid substrate (S) to the ferric enzyme and the binding of the peroxide activator (SOOH or AOOH) to the enzyme as fast reversible equilibrium reactions one may introduce the enzyme pools:
which add up to the total enzyme
The kinetic equations governing the time-dependent concentration changes of the reactants and enzyme pools read:
and
In Eqn (2), the variables (SO Á ) and (AO Á ) denote the alkoxyl radicals resulting from the homolytic cleavage of the peroxy bond in the product of 19-OH-AA oxygenation (¼SOOH in Scheme 2) and in 13S-HpODE (¼AOOH in Scheme 2), which act as exogenous enzyme activators.
The rate functions f 1P , f 1H , f -1P , f -1H , f 2 , f 3 , f 4, f 5 , f 6 and f 7 appearing in the equation systems (2) and (3) are defined as follows:
Here K PM and K AM denote the dissociation constant for binding of the enzymatically formed product and the activator HpODE to the ferrous enzyme and K SM is the dissociation constant for bonding of the fatty acid substrate to the ferric enzyme.
The kinetic Eqns (2-4) have been set up by expressing the concentration of pool variables through mass-action relations and by applying the rules of chemical reaction kinetics to the total pools, i.e. the time-dependent variation of a model variable is positively affected by any elementary process forming the variable and negatively affected by any elementary process degrading the variable. For example, the concentration of dioxygen (O 2 ) can only be diminished during the lipoxygenase reaction namely by the following three processes: (a) reaction with the enzyme-radicalcomplex (E 2+ -S Á ) which represents a bi-molecular reaction possessing the rate k o (O 2 ) (E 2+ -S Á ); (b) reaction with the product-derived alcoxy radical (SO Á ) generated during enzyme activation through the reaction product; this is also a bi-molecular reaction possessing the rate k r (O 2 ) (SO Á ); or (c) reaction with the activator-derived alcoxy radical (AO Á ).
The rates of these three processes appear at the right-hand side of the second differential equation in Eqn (2) describing the time-dependent variation of dioxygen.
Note that in the definition of the rate functions Eqn (4) the assumption was made that under assay conditions the concentration of the alkoxy radicals remains much smaller than the corresponding dissociation constants for the formation of the enzyme-radical-complex. Within a short time interval determined by the smallest rate function among f 1P , f 1A , f -1P , f -1A , f 2 , f 3 , f 4 , f 5 , f 6 , k r , k r * a quasi-equilibrium state is established where the time-derivatives of the enzyme pools (X i ) and of the intermediates (SO Á ) and (AO Á ) can be put to zero:
Solution of the algebraic system (5.1) yields:
Under quasi steady-state conditions expressed by Eqns (5.1-5.2) the last two equations of system (7) can be rewritten as:
Eqn (8) are self-consistent equations of the type y ¼ f(y) with respect to the variables SO and AO because the variable C 1 and thus the pool variables X 1 and X 2 depend on (SO) and (AO) according to the definitions in Eqn (6) . Eqn system (8) was solved by means of an iterative solution method, y n ¼ f(y n)1 ), n ¼ 1,2,… The kinetic equations governing the time-dependent variation of the fatty acid substrate, oxygen, hydroperoxy product and 13S-HpODE finally read:
where the steady-state rate equations v O , v S , v P , v H and v or are defined as follows:
Note that the concentration of the alcoxy radicals (SO) and (AO) appearing in the rate Eqns (10) are to be calculated from the self-consistent Eqns (8) by means of an iteration procedure. The initial rates are given by the rate Eqns (10) with (P) ¼ (O 2 ) ¼ 0.
Data smoothing and calculation of initial rates
To improve the signal ⁄ noisebratio for the calculation of the first derivatives (reaction rates), progress curves obtained by oxygraphic measurements were smoothed using a sliding average procedure. For any time point of the progress curve, the value of the variable monitored was calculated as the arithmetic mean taken over the values of the 10 preceeding and 10 succeeding data points. Initial reaction rates were calculated from the slope of the initial part of the spectrophotometric progress curves.
Statistical evaluations
The quality of fitting of the kinetic model to the various sets of experimental data was determined by the coefficient of determination B being the ratio of the explained variation of the data to the total variation. For linear regression models, the coefficient of determination is the squared value of the regression coefficient r, i.e. B ¼ r 2 . For arbitrary (nonlinear) models y model ¼ f(x) the coefficient of determination can be defined by:
where the numerator of the quotient in Eqn (11) represents the sum of deviation squares between the observed and calculated data points and the denominator represents (up to a scaling factor) the variance of the observed data [32] . The coefficient of determination represents the percent of the data that is the closest to the curve of best fit. For example, if B ¼ 0.850, it means that 85% of the total variation in y can be explained by the modelled relationship between x and y. The other 15% of the total variation in y remains unexplained.
Fitting procedure
Fitting of the kinetic model to the experimental data was performed by using a Visual Basic program that combines solution of the differential equation system (9-10) by means of a fifth order Runge-Kutta integration procedure with a nonlinear regression method (Frontline Solver 5.5, Frontline Systems Inc. USA).
Construction of error bounds on the kinetic parameters
To indicate how well the numerical model parameters were determined by the experimental data a confidence interval for each parameter was determined. For this purpose the parameters were either increased or decreased in small steps (1% alteration in each step) until the value of the total sum of least squares for either the progress curve data or the ini-tial rate data had increased by 5%. This procedure yielded an interval for the corresponding parameter in which the difference between the theoretical curve and experimental data did not exceed 5%. The confidence interval was set to 50% of this interval, i.e. (p u -p l ) ⁄ 2 with p u and p l denoting the upper and lower boundary. This paper was supported in part by the European Commission (FP6, LSHM-CT-0050333). The Commission is not liable for any use that may be made of the information herein.
